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Abstract

An introduction to the subject of baryon nuinber nou-conservation in the elec-
troweak theory al high temperatures or energies is foliowed by a summary of our
discovery of an inhinite surface of sphaleron-like couligurations which piny a key

role in baryon-number non-conserving transitions in a hot electroweak plasma.
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1 Introduction

Any electroweak gauge theory butlt on SUI2ix U1 with chirval fermions, snch as the
Standard Model, permits non-perturbative processes that do not conserve barvon nuimber
{B". The processcs are associated with an energy barrier of height Egpn ~ 4My S >~ 10

Te\' that suppresses the tunneling rate at zero energy and temperature with a factor

. , - . - .
expi—d7/as) = ¢ " The B non-conserviug transition rates becorme unsuppressed in a

high-temuperature eicctroweak plasma and possibly also in high-energy particle coliisions! 3.
! \ ! L4

Within an extended Standard Model the observed excess of inatter versis antimattes

-

in the universe mayv be explained as originating from £ aon-conserving processes i the

hot electroweak phase transition 772 100 = 200 GeVoL b sanltipacticle hgh-enengy coti-

stons with a center-of-miass energy £ 10 has beea shown perturbatively that the tunneiine

o

Cro8s-SeCNion increases exponentially in 239

&% Dn, but thic pertiitha

-

r ; "'(\

0 analvsis
becomes unreliable for £ CE . Nou-perourbative approaches to huarrier conneliing ar
high-E collisions attract much interest and reguire further study

Beecause of the chiral aoomaly the harvon number s related to the Chern-Sitnones
number Neg, which characterizes the winding of the gauge S-ids, by the eonservation law
AR — npNeg) = 8 where ng s the number of famablics. 12 notcouservition is therefore
accopanied by large, non-perinrbative clianges in the gaure Qelds cortespending o
transitions between degenerate minima of the SUL2)< UL vactium. The existence o an
welinite mumber of such minima, labeled by an integer Veg, s a cousequence of the fact
that the SUL2) field tensor 'ti".'f rthe square of which appearsan the enorgyy bhecomes sot

whenever W = W a4 is of the puce-pange form

W= —nal e i SF

Two adjacent minima Ny = naud N = n Lo < Zoare sepazated by a high cneray

barrier. The highest point on the lowest possibie path across the bacier corresponds o
the energy £, and has been identified as the sphaleron solution {20 It is a saddle point

in condfignration space with only two descending diveciions cned Cliern-Sinnons nnibees
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2 Baryon number non-conservation in a hot elec-
troweak plasma

In & not electroweak plasma AD # O processes liave been thought to oceur via elas-
sical thermal Guctnations actoss the barrier through the sphaleren saddie poir.. For
temperatures I < Eg. the transition rate I is proportional to the Boltzmmanu fae
tor exp(—Eupn/T). For temperatures in the range My ST S E,,n. Gaussian fuctuations
about the sphaleron produce a prefactor(3] M Eon /T2 Because of the prefuctor, the
transition rate would deciease steeply at high temperatures!. This result is in contraiie-
flon with a scaling argument sugeesting that I ~ 79 1n the svindietric phase [T bejuy
the only dimensionful paranieter) as well as with lattics real time simulations icl that
Sod U= w{o T, x> 1.

In a recent publication (6] we have shown the existence of an infinite “surfoce” of
configurations with sphaleron-like properties, on which the sphaleron configuration is the
point of fowest encrgy. These configurations mediate I3 RON-VONSCTVIN Plocesses i e
hot broken phase as well as in the synnnetiie phase Fortemperatares T2 E L the prob
ability of thermal fluctuations with energy E > E, is considerable, and ALY viassical
paths other than those leading through the sphaleton are necessible and contribnte to
the transition 1ate. The perturbative expansion around the sphateron is unretiabie for
E = E,.. partly because, in our view, the mnlttitude of sphaleron-itke configurations wirh

energy sear Egp is not properly aceonnted for in that approximation

Hoocent calculations of bascnie and feriione OGD Carrecions to thee fransition tate g 5ot alteet
vie prefactort ce Refl 4 and reforences therein,
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3 Infinitec surface of sphaleron-like configurations

Sphaleron-like configurations * can be identified through the following observations abeut
the sphaleron solution [2]: (i) its gange field is odd, Wi(e) = =W ), and approaches
the form (1) at infinity, where U{z) is likewise odd, (i) it has a half-integer Chern-Simons
nurber Nes = 1+ 1/2, n € Z, {iii) the Dirac equation in the sphaleron ganve-fieid
backgrotd has exactly vne zero-inode. For this reason, oue fermion energy level crosses
zero in a transition through the sphaleron. In the Dirac sea picture, this is consistent
with the creation of destinetion of a baryon (anti-barven ). In fact, barvon anmber gon
conservation requires, iu addition to a change in Chern Simons number, the crossing of
an ockd number of fernuon energy levels.

The property (i} leads us to cowsider the o ss of gencruiized odd feld:

.Sy .. C ., ~ N Nl .
= ‘hgl‘}-_:-—-v_ﬁx.rfn‘ol‘l;r;,\ ‘(,r}—’uvl\-\-f,_& J;

...
poe
=
!
YN
l
|
-

for some element S of the gauge group. This class of fields inchides the odd 5 1ds bt
s much arger. The detintion (20 of geneiadized odduess is gange invariant. Al resaiis
presented below have beeu obtained for generalized odd fields [6]. bur for sitplicity we
restrict to ordinary odd fields in this presentation.

Frona property (i) and Eq. {1} one easily derives that 3,70 ' -z xd) = 0. and thus
Ulz) = £U{-z) as {z] — 2. The class of odd fields therefore naturably spirs into two
disconictind ciasses for which one can sbow the following: Fields with even L at mbny
have integer Nes and are continncnsly connected to a minimum of the vacionn thoong
odd-parity fields. Fields with odd 7 at icfinity bave half-integer Ni-; and are continuon.
deformations of the sphaleron within the class of odd-panty tieldn

The Dirae equintion ina background of odd-parity fields 318, with odd {7 ean be
shown to have an odd uumber of zeto modes, Therefore. a transition thiouvh ANV il

sphaleron-like contigniration will Tead 1o the crossing of s oded urabe. of fornron cnergy

2Far simphieity we present here only the case of SU(2) and vatushing Yukawa couphings. tor noge
yeueral cnses see Ref 6 and references therein.
YThese resnlte oave an independent pronf within the theory of homotopy gEonps of mans o,
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ievels. The proof is simple: Consider an aigenfunction v{(x) to the thrce-dinensional
Dirac cquation 0,040, — W, ine) = Four) with enetgy £ # 0 Then vi—z) is an
sigenfunction corresponding to the energy eigenvaive ~E. Thus, nou-zero ecigenvalines
are paired { £,— £, Consider now a continuous deformation of the gange field away from
the sphaleron. in whose backgronnd field we know that the Dirac equation hus one zero-
mode. As the field iy varied within the class of odd parity ficlds, positive and Ledadive
eigenvalies will appear or disappear in pairs, and the number of zero modes will stay
”'id‘

Although there is no reason to believe that «0l B NOR-CONSLIVIRE PIOCESHOS OCeUur i
transitions through cdd-parity odd-U fields, there is an argument which suggests tht
such configurations are energetically favored in thermal Buctuations near and above Fon.
Prit in other words, the energy rises steeply to inaccessibie valies as one ascends from the
sphaleron [n all directions except dong the add-parity configiraiions The Sttre 1eason
1s that the energy functional is invariant when wWix) — -W, -z foran arbitrary Held

v ~

. and the odd-parity fields constitute a tixpoint vnder this trarsformation,

4 Conclusion:

We find an infinite set of configurations other than the sphaleron which are the loci
of fermiion energy-level crossings in baryon number nou-conserving thermal tracisiticns
This result is independent of the Higgs sector and applies eqnadly to Lhe broken and e
symmetric phases. The configurations, odd under a generalized parity, are casily exvited
tnermally for T S E,,, and play a key role in baryon nutndwt non-conse, ving trapsitions
il a hot electroweak plasina. Their relevance 1 high-energy collisions remnaine in e

mvestigazed.
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